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ABSTRACT

Coastal communities are developing rapidly in the face of increased risks of sea level rise and
hurricanes stemming from anthropogenic climate change. In the US, erosion is projected to cost
$530 million/year in property loss, but beaches and dune systems can minimize these losses.
Dunes are vital to coastal protection, particularly when they are colonized by native plant species
that stabilize sand with their root systems and accumulate sand by trapping particles with their
stems and leaves. Dune construction can be used as a nature-based solution to climate change,
but more studies are needed to fully understand the best practices that should be associated with
vegetating constructed dunes. To gain more insight into dune restoration, I conducted a 15 month
study on Tybee Island, GA, the site of new dune construction. I examined the effects of planting
density on plant survival and growth and on sand accretion, and I compared accretion rates to
those on pre-existing dunes on Tybee and unvegetated sites on the constructed dune. Overall
survival of newly installed plants on the constructed dune was 96.9%, and these plants on
average doubled in percent cover and height and increased in stem density by 10 stems. At the
completion of the study, percent cover and average height of plants on the constructed dune were
the same as those on the reference dune, but growth of newly installed plants decreased with
increased density of planting. Accretion was highest in the reference dune, followed by the
planted sites, and accretion was nearly 0 cm in the bare sites. Planting density was the best
predictor of sand accumulation, with accumulation increasing with higher planting densities.
However, at 5 plants/m2, this increase starts to level off, the same density beyond which plant
growth drops. While specific restoration strategies must be viewed through the lens of
management goals, these findings are consistent with the literature and have proven to work well
on Tybee Island. The results of this study provide a framework both to future restoration projects
on Tybee and to those taking place in other coastal communities.
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CHAPTER 1
LITERATURE REVIEW
Coastal Sand Dunes
The shorelines that frame coasts around the world are fragile ecosystems that exist under
harsh abiotic conditions, but these shorelines are often vitally important as a first line of defense
for inland development against strong storms and as unique habitat to animal species that have
adapted to the environment along the coast. One example of a shoreline is the coastal beach and
sand dune system that is common along the coast of the Eastern United States. A coastal sand
dune is the area landward of an active beach where dune grasses are the dominant vegetation
which includes both 10 m tall classically sloping dunes and overwashes with dune grasses
present (Rogers and Nash 2003, Figure 1.1). Dunes can absorb energy from storms and dissipate
wave energy which protects coastal ecosystems and development (Miller et al. 2018). They
house a reservoir of sand that naturally replenishes beaches, but erosion of this sand is common
and can present itself in multiple ways (Miller et al. 2018). Seasonal erosional fluctuations stem
from intense winter storms that narrow the existing berm, erosion from infrequent but severe
storms, i.e., hurricanes, long term erosion occurring over decades with effects more prevalent on
the dune than the berm, and inlet erosion from tides and waves (Rogers and Nash 2003). Sand
dunes are most effective at preventing erosion from storms, and they are found in a harsh
environment with salt spray, tides, winds, and storm surge (Miller et al. 2018).
Ecosystem Services Provided by Coastal Sand Dunes
Dune vegetation facilitates sand accretion and stabilization on dunes which serve as a
natural and effective coastal defense, and the shape of coastal sand dunes determines their
protective abilities against storms and sea level rise (Zarnetske et al. 2015, Charbonneau et al.
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2016). A biophysical feedback loop exists between vegetation and sediment, and sand capture by
vegetation shapes dunes more than physical sand delivery (Zarnetske et al. 2015). All plants
provide some level of wave attenuation, regardless of species and morphology, but seasonal
dynamics can alter results, and plants with high density year-round will increase dune height
more than those that experience winter dormancy (Bouma et al. 2013, van Pujenbroek et al.
2017). In fact, vegetation reduces net erosion on dune face regardless of wave type, beach
morphology or erosion type (Martinez et al. 2016, Silva et al. 2016).
The combination of above- and belowground structures of plants is the most effective at
reducing erosion from waves, followed by belowground structures only, and with aboveground
structures alone having the least benefits of erosion reduction (Mendoza et al. 2017, Figlus et al.
2017, Bryant et al. 2019). Increased above- and belowground biomass is related to reduced
erosion and overwash (Bryant et al. 2019). In general, vegetation provides 30-40% more of a
reduction of erosion and dune scarp, a steep slope on the berm usually created by wave action,
than bare sand, and the economic value of dune sediment and vegetation during damaging storms
is $50/m3 and $150/m3 respectively (Kobayashi et al. 2013, Figlus et al. 2014, Sigren et al. 2014,
Silva et al. 2016, Martinez et al. 2016, Sigren et al. 2018, Feagin et al. 2019).
Vegetation Characteristics of Coastal Sand Dunes
Dune height is positively correlated with plant age as the presence of mature plants can
potentially double the time before dune failure and can increase the force needed to break down
sediment by 180% (Sigren et al. 2014, Bessette et al. 2018). As plants mature, they become more
able to prevent dune erosion from wave attacks because more mature roots have higher
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resistance against vertical shearing than less mature roots or dunes without root biomass (Figlus
et al. 2014).
High root densities, especially of fine roots (<1mm diameter), are relevant to erosion
reduction because they enhance sediment shear strength and aggregation, making dunes less
prone to collapse, and are most important in areas of dune scarping (Coops et al. 1996, Figlus et
al. 2017). Roots mats below the sand surface reduce erosion by binding and stabilizing sediment
trapped by shoots and leaves (Sigren et al. 2014, Gracia et al. 2018, Bryant et al. 2019). The
extensive root and rhizome systems of dune species also are key to absorbing scarce water and
nutrients found in dune systems, and they facilitate nutrient cycling helping other species to
establish in succession (Ehrenfeld 1990, Charbonneau et al. 2016).
While belowground structures of dune plants are essential to dune stabilization, aerial
structures are key to a dune’s sand trapping ability and its wave attenuation. The surface area of
aboveground portions of a plant are linked to erosion reduction because as surface area increases,
wave energy decreases (Coops et al. 1996, Figlus et al. 2017). These aboveground structures are
most important when plants encounter waves, particularly at the seaward base of dunes and in
embryonic dune systems (Coops et al. 1996, Figlus et al. 2017). The shoot density, stiffness, and
length of vegetation help to explain the amount of wave energy that is dissipated at different
wave heights because different plant morphologies are subject to varying degrees of drag force
(Bouma et al. 2005, Bouma et al. 2013, Gracia et al. 2018, Bryant et al. 2019, MaximilianoCordova et al. 2019). Dense, clonal growth of vegetation causes more deviation of wave flow
than short, sparse, stiff shoots, and flexible shoots deviate more flow at high velocities because
they minimize drag forces (Bouma et al. 2005, Bouma et al. 2013, Maximiliano-Cordova et al.
2019). Grasses and forbs can differ in their disturbance tolerance because of their different
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morphologies, and there is a tradeoff in the ability of a dune plant to respond to hydrodynamic
versus aeolian processes based on their allocation of biomass (Bouma et al. 2005, Bouma et al.
2013, Maximiliano-Cordova et al. 2019). Forb species in the most seaward zones have more
efficient erosion control structures and are built to withstand wave disturbances, whereas grasses
are more suited to withstand wind disturbances (Bouma et al. 2005, Bouma et al. 2013). Large
leaf area and smaller stems that are close to the ground provide more obstruction to waves with
less chance of uprooting (Maximiliano-Cordova et al. 2019).
Though tall dune grasses may be more prone to uprooting, they provide dune protection
on a long-term scale because biomass allocation at higher elevations enhances sediment
accumulation due to an increased surface area to trap sand (Martinez et al. 2016, Silva et al.
2016, Feagin et al. 2019). Since vegetation will trap the largest sediment particles that take the
most energy to continue blowing in coastal winds, the growth form and architecture of plants are
more important for storm protection than species richness on dunes (Wootton et al. 2016). The
amount of sand accreted by vegetation is also based on an individual’s establishment and
survival and the density of the vegetation community (Hesp 1989, Zarnetske et al. 2010). Figure
1.2 from Sigren et al. (2014) and Table 1.1 break down these important above- and belowground
structures in relation to dune resilience.
Functional Groups of Coastal Sand Dune Vegetation
The different growth forms of dune plant species lead to their ability to serve different
functional roles in the vegetation community. Dune vegetation can be classified into one or more
of four functional groups: dune builders, burial tolerant dune stabilizers, burial intolerant dune
stabilizers and passenger species (Hosier 1973, Woodhouse 1982, Ehrenfeld 1990, Walker 1992,
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Stallins 2002, 2005). Characteristics of dune builders include vertical growth to trap sediment,
slow lateral growth, long maximum root length, and growth that is stimulated by burial (Stallins
2002, 2005). Burial tolerant dune stabilizers are also stimulated by burial, and while their low
growth form does not promote dune building, the guerilla growth pattern displayed by their
extensive network of rhizomes stabilizes dunes (Harper 1977, Fahrig et al. 1994, Stallins 2002,
2005, Charbonneau et al. 2016). Burial intolerant dune stabilizers, however, have a negative
growth response to burial and display compact, phalanx growth forms (Harper 1977, Stallins
2002, 2005). Finally, passenger species are those plants with no direct function in the creation of
a dune’s morphology (Walker 1982, Stallins 2002, 2005). Species may fit into more than one
group at any time, and circumstances at any given time may alter an individual’s typical
functional role (Brown et al. 2018).
Species Interactions Can Influence Functional Group Classifications
Interactions between dune plant species can also reinforce their typical functional roles
on a dune. When grown in a monoculture, Uniola paniculata, an excellent dune builder known to
dominate foredunes, will produce steep, hummocky dunes because of its high sand trapping
ability, short rhizomes, and slow lateral growth (Woodhouse et al. 1977, Ehrenfeld 1990, Lonard
et al. 2011). If storms occur more frequently than hummocks can coalesce, a continuous ridge
will not form because dune building is reset, so hummocks are increased upon occurrence of
overwash until vegetation can reestablish (Godfrey 1977, Goldstein et al. 2017) Panicum
amarum has similar shoot densities, growth, spread, and accretion levels as U. paniculata, but its
shoots are on average 35 cm shorter, suggesting that shoot density has more influence on sand
trapping ability than shoot height (Hacker et al. 2019). Although U. paniculata has been shown
to be slightly more abundant when grown in a mixture with P. amarum, both species are well
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adapted for out planting (Dahl et al. 1975, Bessette et al. 2018). These species have also been
found to be the dominant colonizers of a dune community after storm surge (Snyder and Boss
2002).
In some cases, interactions between coastal dune plant species change the functional
traits traditionally associated with each. For example, when present in a mixture, Spartina patens
has a positive competitive effect over U. paniculata (Brown et al. 2018). Uniola paniculata is a
dune builder, and S. patens usually maintains a flat dune topography when present and is
classified as a dune stabilizer (Stallins 2005, Brantley et al. 2014, Mullins et al. 2019). In fact, S.
patens-dominated dunes have been shown to succumb to overwash in a similar manner as dunes
with no vegetation present (Brantley et al. 2014). The success of S. patens in this mixture may be
responsible for a change in functional traits that results in S. patens facilitating a small amount of
dune building.
Coastal Dune Vegetation’s Response to Stressors
Plants on beaches and foredunes have unique adaptations that allow them to thrive in a
disturbed habitat. These species use the ocean for seed dispersal, can tolerate salt water during
germination and growth, and are stimulated in growth by sand accretion (Ehrenfeld 1990,
Barnett and Crewz 1997). Many also have a high growth rate, dense roots, a low profile, high
flower and seed production, deep root growth, and horizontal leaves that are wide to minimize
salt deposition (Ehrenfeld 1990, Barnett and Crewz 1997). Some of the main stressors to dune
vegetation are burial by sand, high salinity, and beach recreation by visitors.
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Stressor 1: Burial
Coastal dune plant species often exhibit compensatory growth in the first 2-3 weeks
following burial by sand (Perumal and Maun 2006). Since foredunes serve as protection to
development from overwash, it is vital that the dune grasses present are tolerant of burial, and the
result of burial is often reallocation of biomass to aboveground structures (Martinez and MorenoCasasola 1996, Brown 1997, Stallins 2005). Some species display a tolerance to burial even
during the germination phase from burial depths twice the length of the seed (Martinez et al.
2016). Along with vertical growth, dune species have been shown to increase in biomass,
photosynthetic efficiency, chlorophyll a, leaf area, and leaf thickness after burial (Disraeli 1984,
Zhang 1996, Perumal and Maun 2006). Burial deprives leaves of sunlight, increases moisture,
aeration, exploited soil volume, and nutrient access, and exposes plants to soil microfauna, so
plants compensate by reallocating energy to emerging from the sand surface (Maun 2004,
Perumal and Maun 2006). Buried plants also increase root growth to uptake more nutrients and
moisture which increases leaf area and thickness and stem mass (Perumal and Maun 2006). This
leads to an increase in photosynthesis which facilitates the shift in biomass from root to shoot
(Perumal and Maun 2006, Gilbert and Ripley 2010). Mechanisms to respond to burial are general
to many species, but dune specialists have a greater capacity for increased growth in response to
burial and may eliminate less tolerant non-specialists (Maun and Perumal 1999, Gilbert and
Ripley 2010).
While plants benefit from gradual sand burial, acute burial disturbances, such as from a
severe storm, have negative effects on plant growth and survival (Franks and Peterson 2003,
Gilbert and Ripley 2010). In such events, areas with a higher density of plants have greater
survival and biomass due to facilitative interactions, which increase with the severity of
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disturbance (Franks and Peterson 2003). Sand is less compacted in high density areas, so buried
plants can more easily grow through the sand (Franks and Peterson 2003). Species richness,
however, does not seem to influence survival or biomass of buried plants (Franks and Peterson
2003).
Stressor 2: Salinity
Along with burial, coastal dune plants must contend with high soil salinity and salt spray.
Some studies have shown that it is salt spray that drives dune plant zonation (Wells and Shunk
1938, Oosting and Billings 1942). Salt spray is a source of Na, Ca, and Mg and is necessary for
plants to survive, but high levels of salinity can be detrimental (van der Valk 1974, Craig 1984).
Some coastal pioneer plant species that are tolerant to salinity and burial grow almost exclusively
on coastal dunes and are often stimulated by environmental conditions that would restrain other
species (Gallego-Fernández and Martínez 2011). These species are herbaceous, reproduce
vegetatively, and have a spreading rhizome network (Gallego-Fernández and Martínez 2011).
Environmental filters, e.g., salinity and burial, are strong on accreting foredunes, so this zone is
characterized by low species richness (Gallego-Fernández and Martínez 2011). Using remote
sensing to characterize vegetation biomass and topography, Yousefi Lalimi et al. (2017) found
that plants develop better on the lee slope of foredunes because of a sheltering effect that changes
local conditions, e.g., salt spray. Thus, the foredune crest marks an ecotone where vegetation
cover gradients are radically different on either side because of the different conditions on a
sheltered lee slope and saline stoss slope (Yousefi Lalimi et al. 2017).
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Stressor 3: Recreation and Tourism
While an economically vital component of many coastal communities, beach recreation
and tourism can be an additional stressor to dune ecosystems. However, in areas and times of
low tourism, plant growth is more affected by seasonal and meteorological conditions than by
trampling from visitors (Martinez et al. 2016). Beach conservation and coastal dune plant
protection can be compatible with low and medium density tourism sites (3-79 tourists/hectare
during the busiest hours of the busiest tourist season), but higher density tourism can lead to
vegetation trampling on the dunes and open sand where dunes have the potential to develop from
accumulation of sand by plants (Hesp et al. 2010, Perez-Maqueo et al. 2017). Trampling on these
dune embryos can disrupt the evolution of a dune and the development of a stable dune system
(Hesp et al. 2010).
Plant Community Composition is Influenced by Conditions on Coastal Sand Dunes
Sand movement on coastal dunes is correlated with species distribution as species tend to
be predominately located either in areas of high or low dune mobility (Moreno-Casasola 1986,
Maun and Perumal 1999, Martinez et al. 2001). However, species distribution can also influence
dune topography, as has been seen in multiple studies showing that plant communities change
along coastlines creating topographical variability dune systems (Martinez et al. 2001, Hilton et
al. 2006, Houser and Matthew 2011, Hacker et al. 2012). While some studies state that elevation
is the primary factor in vegetation community distribution on coastal dunes (Moreno-Casasola
1986, Bitton and Hesp 2013), there is also evidence that vegetation community is strongly
associated with distance from the shore due to abiotic conditions, e.g., salinity and nutrient
availability, wind, waves, etc., that are harshest near shore and reduce inwardly (Wells and
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Shunk 1938, Oosting and Billings 1942, Rajaniemi and Allison 2009, Green and Miller 2019).
Beach vegetation regenerates over time, including in response to the wind and waves that
characterize coastal environments, but species differ in their germination rates due to abiotic
factors that can strongly limit germination (Green and Miller 2019). High germination rates
provide more colonization of open habitats, particularly those that are formed after storms, but
salinity is generally high after storms (Green and Miller 2019). Distance from shore or elevation
alone are not accurate predictors of dune species distribution and regeneration (Green and Miller
2019). Uniola paniculata and Iva imbricata have comparable seed germination success under
harsh conditions, even though I. imbricata is an early successional species found closer to shore
and is more adapted to salt spray and more tolerant of burial, and U. paniculata is a dune builder
found in higher elevations (Boyce 1954, van der Valk 1974, Snyder and Boss 2002, Gormally
and Donovan 2010, Green and Miller 2019). However, Ipomoea imperati, found in mid to lower
elevations and prone to flooding and tolerant of a wide range of conditions, including salinity,
has higher seed germination following disturbance than I. imbricata or U. paniculata (Oosting
1945, Devall 1992, Lonard and Judd 1999). Increased salinity after flooding removes species that
are less tolerant than I. imperati to salt water (Oosting 1945, Devall 1992, Lonard and Judd
1999).
Dune communities result from microenvironments rather than interspecific competition
(Van der valk 1975). Facilitative interactions are present in these communities in the way of
protection from erosion and desiccation, and these interactions lead to outward radiation of
colonization of established plants (Franks 2003). Dunes do not need high species richness as five
meter tall dunes can be built by planting only three different species (Hester et al. 2005).
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Animal Habitat Provided by Coastal Sand Dunes
Coastal sand dunes provide vital habitat for the federally threatened Caretta caretta
(loggerhead sea turtle). Caretta caretta in South Carolina and Georgia mainly nest in the primary
dune in bare sand or sparse patches of U. paniculata (Mrosovsky and Yntema 1980). Sea turtle
hatchlings must orient themselves to the ocean by crawling from dark silhouettes to the bright
seaward horizon (Bourgeois et al. 2008). Dunes can diminish the impact of artificial lights from
landward structures and provide a barrier between turtles and development (Miller et al. 2018).
Additionally, the nests with the most hatch success typically occur within sand dunes because
these nests escape inundation and are protected from predators (Wilson 2018). This poses a
challenge for the species because temperatures at depth of incubation increases with distance
from the sea, so C. caretta’s sex ratio may skew toward female turtles because cooler incubation
temperatures result in male turtles, warmer temperatures result in females, and eggs incubated at
an intermediate, or pivotal, temperature result in mixed sexes (Hays and Speakman 1993,
Mrosovsky 1988). While sand temperature can give indication to relative temperature differences
between nests, sand temperatures do not equal incubation temperatures because of localized
heating of sand from eggs and seasonal changes in sand temperatures (Morreale et al. 1982,
Mrosovsky and Provancha 1992, Hays and Speakman 1993).
Coastal dunes also provide habitat to multiple species of shorebirds. The federally listed
piping plover and red knot, along with species of concern including the American oystercatcher,
snowy plover, Wilson’s plover, lesser yellowlegs, black bellied plover, least terns, and killdeer,
all rely on coastal beach, dune, and sand flat habitats (U.S. Shorebird Conservation Plan
Partnership 2016, Sterling 2017). Just like with sea turtles, shorebird hatchlings are at risk of
mortality due to tidal flooding, human disturbance, predation, and high temperatures (Krogh and
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Schweitzer 1999, Sterling 2017). Many beaches along the US East Coast do not have significant
beach habitat during high tide, and this is becoming more common with sea level rise (AielloLammens et al. 2011, Elliott-Smith et al. 2015). Some shorebird species are even at risk of local
extinction as their carrying capacity decreases because of shore habitat loss, and other climate
change factors like changing temperature and precipitation and hurricane patterns can affect
species survivability as well. (Aiello-Lammens et al. 2011).
Coastal Sand Dunes on Barrier Islands
Ridges of coastal sand dunes form the barrier islands that occur along the eastern coast of
the United States. Not all barrier beaches and dunes behave in the same way, but similarities
among them are common (Godfrey 1977). Prevailing winds, shore orientation, average wave
energy, sea level changes, storm frequency, offshore profiles, shore configuration, and tidal
range all contribute to dune building and overwash regimes (Godfrey 1977). As sea level rises,
barrier island resiliency depends on if there are changes in frequency and magnitude of storms or
an interruption of sediment exchange of the nearshore, beach, and dune (Brantley et al. 2014,
Houser et al. 2018). The response of barrier islands to sea level rise varies regionally and
alongshore, and an increase of frequent washovers limits their ability to recover (Houser et al.
2018). Salt tolerant plant species on the dune edge could move inland as a response to rising
seas, but on developed islands there is no space for dunes to move inland and provide the
necessary space for plant reproduction, dispersal, and growth (Feagin et al. 2005, Greaver and
Sternberg 2007).
Barrier islands are highly disturbed systems where severe storms bring storm surge, wave
action, and overwash that cause dune erosion, blowouts, and dead or uprooted vegetation,
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particularly in the foredunes (Stallins 2002, Pries et al. 2008). Impacts of erosion from waves is
based on height of wave runup compared to the lowest and highest parts of the dune, as well as
dune width and distance to shore (Sallenger 2000, Pries et al. 2008). Vegetation decreases the
amount of erosion during storms and can prevent overwash and erosion on the landward side of
dunes, especially when storms are strong (Martinez et al. 2016, Silva et al. 2016).
Risks Posed by Sea Level Rise to Coastal Communities
The protection against erosion provided by coastal sand dune vegetation is further
underscored by the density of residents along coastlines around the world. Globally there are
over 1.5 million kilometers of shoreline, and 41% of the world’s population lives within 100
kilometers of a coast (World Resources Institute 2005, Martínez et al. 2013). Coastal counties
consist of only 10% of the land in the United States, but 39% of the nation’s population lives in
these counties, and they are six times more densely populated than inland counties (Bryant et al.
2017). Severe weather, sea level rise, and degraded coasts threaten coastal communities, with sea
level rise being the primary cause of coastal erosion (Nicholls et al. 1999, Feagin et al. 2005,
Day et al. 2007, U.S. Climate 2009, Sallenger et al. 2012, Shepard et al. 2012, Baron et al. 2015,
de Winter and Ruessink 2017). If sea levels rise by a conservative estimate of 0.9 m by 2100, it
is projected that 4.2 million Americans’ homes will be at risk of inundation, and this number
climbs to 13.1 million people if seas rise by 1.8 m (Hauer et al. 2016). Projected coastal
populations in 2100 are double the current population, so protective measures must be in place to
protect development and prevent inland climate migration of coastal residents (Hauer et al.
2016). The magnitude of property loss due to sea level rise can be decreased by the presence of
coastal vegetation, but the effectiveness of vegetation to block wind and trap sand is in jeopardy
under moderate and high (0.48 and 0.88 m by 2100, respectively) sea level rise scenarios (Feagin
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et al. 2005, Salgado and Martinez 2017). Some species are already disappearing from coastal
sand dune habitats because of climate change and coastal development which shrinks available
dune habitat for vegetation to colonize (Greipsson 2002, Miller et al. 2018).
Shoreline change occurs because of both anthropogenic and natural effects (Camfield and
Morang 1996). Human activities influence shoreline change through stabilization projects and
dredging, and shoreline erosion along the US coast will intensify in response to sea level rise
(NRC 1990, Jackson 2010). Movement of shorelines often occur over long-term processes, some
cyclical, but shore recession has been associated with climate change along with other changes in
sea level, long and short term cycles, and episodic events (NRC 1990, Jackson 2010). Sea level
rise is directly related to dune erosion volume because rising seas will lead to waves attacking
dunes at greater heights (de Winter and Ruessink 2017). One approach to combating eroding
coasts is to nourish beaches with offshore dredged sediment, but while this can lead to a
reduction in erosion volume, directly increasing the volume of sand in dunes may be a more
efficient step to control erosion (de Winter and Ruessink 2017).
Management Applications on Coastal Sand Dunes
Nature-based solutions to ecological problems are becoming increasingly popular options
by managers, specifically the use of sand dunes rather than hard engineering structures to buffer
erosion and coastal flooding. Using ecosystem-based methods is a more sustainable, cost
effective, and ecologically sound method of flood protection (Temmerman et al. 2013).
Studies have shown that beach users are willing to pay for beach preservation and that
beaches can be undervalued by millions of dollars by managers ignoring their non-market value
(Rodella et al. 2019, 2020). Knowledge of beach erosion and threats, along with recreational
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values, can propel the public to place more value on beaches (Rodella et al. 2020). These values
are being diminished in overcrowded coastal areas around the world that are losing their
recreational qualities, but this can be remedied by beach nourishment to create more space for
visitors as the economic value of beaches depends on management of their available surfaces for
tourism carrying capacity (Rodella et al. 2020). The value of dune habitat is regulatory, not
marketed, so its value should be determined indirectly in the form of property protection (Barbier
2017). Furthermore, coastal dunes should be valued due to their ability to sequester carbon
(Drius et al. 2016).
Nature Based Infrastructure
United States coastal stakeholders are invested in the prioritization of studying hazard
mitigation, quantifying the value of natural coastal features, and examining beach and dune
recovery (Elko et al. 2019). Using vegetation to modify dune shape, soil stability,
hydrodynamics, and storm recovery ability is a more efficient long-term solution than hard
structures. Plants on the stoss side of dunes reduce overwash and inundation and prevent
destruction of later parts of a storm by 69% while rocks are unable to reduce waves or protect
dunes during initial swash and wave collision (Oderíz et al. 2020). Hard engineering can also
negatively alter the natural environment, and ecosystems would benefit more from adaptable and
sustainable solutions that have the capacity to self-repair after disturbance and accumulate sand
to keep up with sea level rise, e.g., sand dunes with vegetation (Temmerman et al. 2013).
The recreation and protection from storms that beaches and dunes provide significantly
affect the value of properties within 300 m of shore, and since coastal areas have expanded
development in recent decades, the number of properties within this zone is increasing,
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increasing the total monetary risk from erosion and storms (Landry and Hindsley 2011). In the
United States, 1500 properties within 150 m of shore will be lost to erosion each year for decades
to come at a cost of $530 million per year, but beach nourishment may decrease these losses
(The H. John Heinz III Center 2000). Property owners have shown interest in nourishment, dune
restoration, and shoreline armament, i.e., a physical structure used to protect shorelines form
erosion such as a jetty (The H. John Heinz III Center 2000). However, shoreline armoring can
have negative ecological and recreational consequences by disrupting sediment supply to the
shore (The H. John Heinz III Center 2000, Feagin et al. 2010). This is also an expensive option
with benefits only outweighing costs in limited, high-density coastal areas (The H. John Heinz
III Center 2000, Feagin et al. 2010). To calculate the cost of natural restoration options,
managers must consider the volume of material, beach length, location, year, type of episode,
and the source of the funds (Hoagland et al. 2012). Currently, it is often more economical to
manage beaches in a nature-based way, particularly in areas of high erosion; however, costs are
predicted to increase because of future erosion events, making a shoreline retreat option with
natural erosion and beach migration a more economical option (Landry et al. 2003, Hoagland et
al. 2012). Allowing retreat will decrease the recreational benefits of the beach, so coastal
managers should consider enacting restoration plans before the costs rise (Landry et al. 2003).
Additionally, nourished beaches act as a buffer to mitigate adverse effects of future strong storms
(Hoagland et al. 2012). Management of beaches must consider both the demands of the public
and conservation expectations (Schlacher et al. 2014).
In a survey of residents of a New Jersey beach, Charbonneau et al. (2019) found that
residents prefer dunes over hard engineering and beach replenishment and support the tax
investment in beach conservation, but that they have a poor understanding of dune function. Less

22

than half of the respondents understood that sand fencing was in place to mimic sand
accumulation by plants and instead assumed that it was to restrict pedestrian access to the dunes
(Charbonneau et al. 2019). One-third of participants did not know where dunes began or ended,
so they did not understand where the restricted dune area was (Charbonneau et al. 2019). This
can be rectified by management efforts to reduce trampling by installing posts and rope to block
restricted dune areas (Rogers and Nash 2003, Charbonneau et al. 2016, Wootton et al. 2016).
Installing sand fencing and planting dune grass are two commonly used sand trapping
techniques on coastal dunes. Sand fencing can help prevent blowouts in dunes which in turn
prevents water from reaching inland developments (Miller et al. 2001). While fences 50-60 m
from the sea can be destroyed by hurricanes, those farther inland are more likely to stay intact
and continue to build dunes (Miller et al. 2001). The installation of sand fencing is an effective
tool for sand accretion along dunes, but the combination of sand fencing and dune vegetation is
perhaps an even more effective strategy than fencing alone. Dune plants can accumulate as much
sand as fencing after two growing seasons, and their growth is stimulated by burial, unlike sand
fencing that becomes covered in sand and needs to be lifted to provide continued sand
accumulation (Savage and Woodhouse 1968, Miller et al. 2001).
Dune vegetation can trap essentially all moving sand, with the limitation being the
amount of sand blowing in the wind rather than plant trapping capacity (Savage and Woodhouse
1968, Dahl et al. 1975). In one study plants placed 45 cm apart were ideal for halting sand
movement, and while placing plants 60 cm apart costs less, it delays full cover by at least one
month and up to a full year depending on the season when planted and intensity and frequency of
storms (Savage and Woodhouse 1968). Notably, the effectiveness of plants to trap sand declines
when survival is <75% (Savage and Woodhouse 1968).
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Ecological Restoration Considerations
When working toward ecological restoration, the act of restoring should be seen as a
process rather than solely as an outcome so that managers can discuss degrees of recovery
without putting emphasis on “full recovery” (McDonald and Dixon 2018). While matching
natural patterns is ideal, it is also important to decide whether it is possible to base recovery on
the ecosystem that was formerly present or if adaptations to this reference ecosystem must be
made due to anthropogenic activities making the prior model impossible to recreate (SER 2004,
Williams 2007, McDonald et al. 2016, Drius et al. 2019). For example, coastal sand dunes can be
mobile, semi-mobile, or stable, but many coastal areas have been developed, making stable sand
dune creation the only option (Martínez et al. 2013).
Coastal Sand Dune Restoration Practices
The selection of native vegetation for a dune restoration should consider management
outcomes. Feagin et al. (2015) described necessary considerations when choosing plants for the
following management outcomes: modifying geomorphic features, modifying soil stability,
altering storm hydrodynamics, or modifying storm recovery (Table 1.2). Following species
selection, planting at least three pioneer species in a dune restoration will help to increase long
term dune stabilization, lead to faster recovery time, and counteract potential slow growth and
disease (Rogers and Nash 2003, Bessette et al. 2018, Miller et al. 2018). This helps to mimic
natural diversity and provides food and shelter for wildlife (Williams 2007). Other plants will
naturally volunteer once these are established and can facilitate colonization, or they can be
planted to increase wildlife usage (Williams 2007, Bessette et al. 2018, Miller et al. 2018).
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General best management practices for planting restoring coastal sand dunes along the
east coast of the United States state that a planting area at least 3 m wide with plants spaced 30 90 cm apart is ideal for restoration, with denser plantings landward and more space between
seaward plantings (Rogers and Nash 2003, Williams 2007). Planting seaward areas too densely
will result in these plants trapping all windblown sand and depriving landward zones, and U.
paniculata can even be planted with 1.5 m spacing in seaward zones (Miller et al. 2018). In
situations where the goal is to protect landward infrastructure, increasing the density of planted
vegetation could be helpful, though this may not provide long term resilience since abnormally
high vegetation cover could create long term erosion as the dune profile steepens (MaximilianoCordova et al. 2019). Ideal spacing of U. paniculata and P. amarum transplants for cost and
ecological function is 60 cm, unless survival is near 100%, in which case wider (90 cm) spacing
can be implemented (Bergin 2014).
Survival, which should be measured two years after planting, is based on soil salinity,
moisture, precipitation, carbohydrate storage, and burial, of which extreme drought, burial (>50
cm), or salinity could cause complete mortality (Dahl et al. 1975, Bergin 2014). Long term
monitoring is necessary to understand the progress and success of coastal sand dune restoration
projects (Rozé and Lemauviel 2004, Ketner-Oostra et al. 2006). However, because maturity of
plants plays a role in erosion reduction, dunes restored with vegetation are expected to be less
resistant to erosion than natural dunes because the newly planted vegetation will take time to
establish (Bryant et al. 2019).
To assess the success of a planting, survival, growth, vigor/health, herbivory, and frost
can all be suitable measurements, but when enlisting the help of community members, vegetation
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cover, species composition, pests and weed monitoring, and beach usage by the public are the
recommended data to collect (Bergin 2014).
Case Study of Tybee Island, Georgia
Tybee Island, GA (Figure 1.3) is Georgia’s most densely developed barrier island and is
bordered by the Savannah River to the north, Atlantic Ocean to the east, and Tybee creek to the
south and west. Dredging activities around the island began in the 1800s when the Savannah
River became a navigational channel, eliminating a source of sand to Tybee’s beaches (Tybee
Island Beach Management Plan 2014). In 1974 a 5.6 km nourishment project began with
intended replenishments every seven years, but in the last decade, nourishments have increased
in frequency due to Hurricanes Matthew and Irma in 2016 and 2017, respectively (SPA 2019).
These nourishments are meant to replenish sand lost from storms, increase protection from
storms, and increase the resiliency of the beach.
The addition of sand dune construction to these nourishment plans was added in 2019 and
2020 to protect the island’s restoration investment, decrease maintenance costs, and delay future
nourishments (SPA 2019). Nourishment of the beach has been shown to create 678 jobs, $18.4
million in income and benefits, $54.7 million in business revenues, and $2.7 million in sales and
income tax for the state (Tybee Island Beach Management Plan 2014). A degraded beach that is
not nourished risks a loss in tourism revenue, a trend that has been seen over the course of
Tybee’s typical seven year nourishment cycle.
Tybee determined that taking no action would cause long term negative damage to the
dunes and beach, and that nourishment without the creation of dunes would still allow space for
floods to funnel inland (SPA 2019). Dredged sediment was gathered one mile off the coast and
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used in the nourishment and dune construction (SPA 2019). The addition of vegetation and sand
fencing helps to limit pedestrian traffic and continues to build up the created dunes as well as
traps “nuisance sand” that would otherwise blow into the yards of residents’ properties. This was
the first series of dune constructions on the island, a unique practice which is not widely used by
coastal communities. Many coastal beach and dune restorations use vegetation and/or sand
fencing to encourage embryonic dune development on flat areas of beach, but this is an
unpredictable process with variable dune growth rate possibilities, e.g., 2.6-4.2 m3 of sand/m in 6
months or 4.23-6 m3 of sand/m in a year (Miller et al 2001). Furthermore, this growth could be
stymied by hurricane arrivals before plants and dunes have become established. Tybee has
accelerated the dune building process by constructing dunes rather than relying on embryonic
dunes to form through natural coastal processes. Table 1.3 lists the species planted on the
constructed dune and the functions they provide.
Tybee has two areas that are particularly affected by erosion, including the section of
beach from Center St. to Second St., where over 95,570 m3 of sand is lost per year, a 60% greater
volume of sand lost than the island’s average (Tybee Island Beach Management Plan 2014,
USACoE 2019). This area is especially vulnerable to storm surge that can breach dunes, and
until 2019 some sites in this area had no dunes present (SPA 2019). Dune construction in 2020 in
this zone and north to Eastgate Crossover resulted in 2.5 m tall dunes with 27,000 m3 of sand.
This section consistently hosts the most turtle nests on the island, so the creation of dune habitat
was crucial (Tybee Island Beach Management Plan 2014).
Tybee Island is home to protected animal species including federally threatened piping
plovers and C. caretta (SPA 2019). The consideration of these species was important during the
planning of the restoration project. On the island, C. caretta nest and hatch from May to October
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and lay an average of 6 nests per year (USFWS 2008). While studies have found that there can
be a reduction in nesting success the first year after nourishment due to sand compaction,
escarpment, and the change in beach profile, the beach returns to a more natural profile with less
escarpment and compaction in subsequent years, leading to a return in previous levels of nesting
and hatching success (Crain et al. 1995). Without nourishment, C. caretta lose nesting habitat
and nests are created closer to the water line which increases the risk of inundation (Fujisaki et
al. 2018). Piping plovers are provided with an increase in habitat and food after the nourishment
once the invertebrate community reestablishes (USFWS 2008).
Summer visitors are a crucial part of Tybee Island’s economy, so maintaining beaches is
of the utmost importance (SPA 2019). Climate change is predicted to bring about more
hurricanes to the area because of sea level rise and warming oceans (SPA 2019). The tide gauge
at Fort Pulaski, about 5 m west of Tybee, measures a sea level rise of 3.39 mm/year and has
recorded 6%-11.2% annual flooding event increases in the last two decades (Wilson 2018,
NOAA Tides & Currents 2021). Wind, tides, the shipping channel, currents, and waves are all
sources of erosion, and while seasonal erosion occurs in the winter due to northeasterly storms,
the summer is generally a time of accretion when sand moves from sand bars to the beach
(Wilson 2018). The 2.5 m tall dunes that Tybee has constructed are projected to protect the
island against a Category 1 hurricane and reduce the number of buildings damaged during such
an event by 650 and reduce economic losses by 20 million dollars (Georgia Coastal Region
2019).
Tybee Island, GA is a leader in climate adaptation planning with residents who perceive a
very high risk from sea level rise (Sauer 2013). Many of Tybee’s residents want to learn about
the adaptations that they can pursue, are willing to work with neighbors to implement these
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adaptations, and support floodplain management (Sauer 2013). In the case of Tybee, as with any
ecological restoration project, it is crucial that plans be based both on scientific knowledge and
the social needs of the community (Hofensperger et al. 2007).
Objectives
No studies were conducted on Tybee Island to determine best practices for the addition of
vegetation to the constructed dune prior to the current restoration. Furthermore, to my
knowledge, no published, academic studies of dune restoration exist for Georgia's barrier islands,
creating a critical need for data from which to develop best practices. To determine the most
effective vegetation methods for sand accumulation and stability, I conducted a 15-month study
across approximately 900 m of the newly constructed dune on the east side of Tybee Island. The
purpose of this study was to explore the effectiveness of different planting treatments on restored
dunes compared to pre-existing dunes in order to shed light on the value of dune restoration and
subsequent planting and to justify the costs of the project.
This study represents a rare opportunity to evaluate best practices for sand dune
construction and revegetation for the purpose of both reestablishing and sustaining coastal dune
ecosystem services. The objectives of this study were 1) to describe the plant community of the
pre-existing dunes on Tybee as well as the community that has colonized the constructed dunes
together with the planted vegetation, 2) to evaluate the success of the dune planting project by
measuring survivorship and growth of plants and accretion of sand, 3) to examine the effects of
planting density and species composition on accretion in constructed dunes, 4) to determine
which variables are best able to predict sand accretion on the constructed dune, and 5) to explore
how vegetation influences abiotic factors along Tybee’s dunes.
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The data provided by this project will strengthen the capacity of the City of Tybee to
implement sustainable approaches to planning and development and inform future critical
management decisions as its shoreline continues to experience the effects of a changing climate.
These results are transferable to other barrier islands experiencing similar threats and are of
immediacy during a decade in which coastal communities are experiencing increasing effects of
storm surge and rising waters.
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Table 1.1. Characteristics of six plant species in coastal sand dunes and the roles they play in
dune resilience and topography. The following species were included because of their presence
on the Georgia coast: U = Uniola paniculata; P = Panicum amarum, Ipo = Ipomoea imperati,
Iva = Iva imbricata, S = Spartina patens, M = Muhlenbergia capillaris
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Table 1.2. Decision-making guide for coastal managers when choosing plants for restoration
projects with specific goals in mind (Feagin et al. 2015).
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Table 1.3. Traits associated with the six species used in the Tybee Island, GA dune planting. B =
dune builder; TS = burial tolerant dune stabilizer; IS = burial intolerant dune stabilizer.

Data derived from Oosting and Billings (1942), Boyce (1954), Craig (1984), Clewell (1986), Duncan and Duncan
(1987), USDA (1996, 2006), Barnett and Crewz (1997), Gilman (1999, 2000), Rogers and Nash (2003), Thetford
and Miller (2004), Williams (2007), Lonard et al. (2011), Wootton et al. (2016), Miller et al. (2018).
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Figure 1.1. Diagram showing the features characteristic of a coastal sand dune.

Figure 1.2. Diagram from Sigren et al. (2014) connecting above- and belowground interactions
of dune plants with their roles in coastal sand dune resilience.
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Figure 1.3. Map of the Southeastern US with Tybee Island, GA outlined in red (left) and map of
Tybee Island where a dune construction and vegetation restoration project, outlined in red, was
undertaken in 2020 with subsequent vegetation monitoring through 2021 (right).
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CHAPTER 2
IMPACTS OF PLANTING DENSITY AND SPECIES ASSEMBLAGE ON COASTAL
SAND DUNE RESTORATION ON TYBEE ISLAND, GA
People worldwide are flocking to coastlines to build homes, and residents of the United
States are no exception. Coastal counties consist of only 10% of the land in the United States, but
39% of the nation’s population lives in these counties, and they are six times more densely
populated than inland counties (Bryant et al. 2017). Although coastal landscapes are typically
able to adapt to changes in sea level, in many areas they are unequipped to deal with the recent
catastrophic storms and extreme high tides that have arisen because of anthropogenic climate
change (Nicholls et al. 1999, Feagin et al. 2005, Day et al. 2007, U.S. Climate 2009, Sallenger et
al. 2012, Shepard et al. 2012, Baron et al. 2015, de Winter and Ruessink 2017). In Georgia,
barrier islands and their associated dune systems are the typical coastal landscape, but with
human development increasingly approaching shorelines, dunes are losing their ability to migrate
and provide protection. To conserve Georgia barrier islands and provide for continued public
access to Georgia beaches, beaches are often nourished with sand (SPA 2019, Rodella et al.
2020). More recently, Georgia beaches have begun to add volumes of sand directly to dune
systems or to areas of no elevation to create dunes, which is a more efficient restoration
mechanism than the addition of sand to the berm alone (de Winter and Ruessink 2017, SPA
2019). Beach restoration projects require routine monitoring to ensure that taxpayer money is
being spent in the most efficient way (Rozé and Lemauviel 2004, Ketner-Oostra et al. 2006).
Restoring and upkeeping sand dunes are pressing coastal management needs, but these actions
must be combined with studies of restoration methods, including those that include planting
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vegetation, to determine which are the most successful methods to accomplish these restorations
and to monitor the results.
Coastal sand dunes provide a variety of ecosystem services that are critical to coastal
communities. They are a vital aspect of storm protection for developed coastal areas, and
specifically, foredunes 3-10 m tall provide wave attenuation during hurricanes (Dahl et al. 1975).
Vegetated dunes provide approximately 30-40% more reduction of erosion from waves than bare
dunes, thus dune plant species are often planted in the aftermath of coastal storms to reinvigorate
damaged sand dunes (Dahl et al. 1975, Miller et al. 2003, Figlus et al. 2014, Sigren et al. 2014,
Sigren et al. 2018). Dune vegetation can be roughly categorized into 1) dune builders (e.g.,
Panicum amarum and Uniola paniculata), 2) burial tolerant dune stabilizers (e.g., Iva imbricata,
Spartina patens, and Ipomoea imperati), 3) burial intolerant dune stabilizers (e.g., Muhlenbergia
capillaris), and 4) passenger species (Woodhouse et al. 1977, Ehrenfeld 1990, Stallins 2005).
These functional types are identified by the ability of the species to create a belowground root
and rhizome structures that capture sand to build and maintain dunes and aboveground stem and
leaf compositions that reduce erosion by weakening wave swash (Coops et al. 1996, Figlus et al.
2014, Sigren et al. 2014, Figlus et al. 2017, Gracia et al. 2018, Bryant et al. 2019, Feagin et al.
2019).
Plants on beaches and foredunes have unique adaptations that allow them to thrive in a
disturbed habitat with stressors, e.g., frequent sand burial, salinity, and inundation. Dune species
adapted to burial often exhibit compensatory aboveground growth following burial which can
increase chlorophyll content in the plant (Perumal and Maun 2006). Vegetation communities on
beaches and dunes are typically influenced by abiotic factors because species with adaptations to
abiotic stressors tend to outcompete those without these adaptations in the harshest conditions
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closest to shore (Wells and Shunk 1938, Oosting and Billings 1942, Rajaniemi and Allison 2009,
Green and Miller 2019).
Dune vegetation also provides nesting habitat for federally threatened Caretta caretta,
(loggerhead sea turtle, Hays et al. 1995), least terns (Krogh and Schweitzer 1999), and piping
plovers (Elliott-Smith et al. 2015), as well as Wilson’s and snowy plovers and American
oystercatchers (Brown et al. 2005) which are considered species of greatest concern (U.S.
Shorebird Conservation Plan Partnership 2016). Caretta caretta require a strong dune system for
nesting (Hays et al. 1995), so the ability of dune grasses to trap sand and provide larger dunes is
beneficial for their nesting success.
Coastal protection and habitat creation are ecosystem services that can be attributed to the
coastal sand dunes on Tybee Island, GA which is located 17 miles east of Savannah at the mouth
of the Savannah River. Tybee Island is the most densely developed Georgia barrier island and
attracts over a million visitors annually. Visitors to Tybee Island provide the majority of the City
of Tybee’s revenue, but their presence is a strain on the natural resources of the island. Tybee
Island’s development has led to a disruption in the natural processes of the barrier island which
has spurred the degradation of dunes on Tybee’s popular beaches. USGS Coastal Vulnerability
Index has classified Tybee as a region of “very high” vulnerability, based on the susceptibility of
its physical features to change due to sea level rise (USGS 2020, Figure 2.1). To combat these
risks, shoreline nourishment has occurred on Tybee since the 1970s, but in 2018, the City of
Tybee partnered with the Army Corps of Engineers to begin additional ecosystem restoration in
the form of dune construction. This is a more targeted approach to shoreline restoration, and one
dune (14,500 m2 surface) was built (Phase 1) on a previously flat vehicular access point. Tybee
used sand from an upland source to create the Phase 1 dune and enlisted the help of volunteers to
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plant nearly 14,000 dune plants to stabilize the newly added sand. However, no organized
monitoring was conducted to determine the success of the project. A larger dune construction
and vegetation project (Phase 2) began in December 2019.
Following the Phase 2 dune construction, Tybee planted vegetation to maintain dune
structure, but no studies were conducted to determine best practices for this restoration.
Furthermore, to my knowledge, no published academic studies of dune restoration exist for
Georgia's barrier islands, creating a critical need for data from which to develop best practices. I
have conducted a study to explore the effectiveness of different planting treatments on restored
dunes compared to pre-existing reference dunes. To accomplish this, I established a series of
replicate community assemblages along a range of planting densities in the newly constructed
Phase 2 dune across approximately 900 m on the east side of Tybee Island. The planting
assemblages were based on practices used in other Southeast US restoration projects and
explored the interactions of the chosen species. This study experimentally evaluated the results
of the different restoration techniques of varying planting densities and species assemblages,
focusing primarily on the most effective re-vegetation methods for the desired outcomes- sand
accumulation and stability.
Studying a newly constructed and vegetated dune represented a rare opportunity to
evaluate best practices for sand dune construction and revegetation for the purpose of both
reestablishing and sustaining coastal dune ecosystem services. The objectives of this study were
1) to describe the plant community of the pre-existing dunes on Tybee as well as the community
that has colonized the constructed dunes along with the planted vegetation, 2) to evaluate the
success of the dune planting project by measuring survivorship and growth of plants and
accretion of sand, 3) to examine the effects of planting density and species composition on
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accretion in constructed dunes, 4) to determine which variables are best able to predict sand
accretion on the constructed dune, and 5) to explore how vegetation influences abiotic factors
along Tybee’s dunes. By altering the planting density and species assemblages, I tested the
hypothesis that higher density plantings and certain species assemblages will increase the amount
of sand accretion that occurs on newly constructed dunes.
Methods
Study Site
The study was conducted on Tybee Island in Chatham County, Georgia, USA (32°
0'26"N; 80°50'27"W, Figure 2.2), the northernmost barrier island in Georgia. Relative sea level
at Tybee is increasing 3.39 mm/year (on par with national averages, Figure 2.3), and the island
experiences mixed tides with a mean tidal range of 2.11 m (NOAA Tides & Currents 2021).
Tybee’s coast is tide-dominated with low wave energy.
Experimental Design
Twenty-four sites along a 2.5 m tall, 900 m long dune, that was constructed in 2020 using
27,000m3 of sand, were planted with native dune-building grasses and typical foredune herbs
along a density gradient of 2-9 plants/m2. They were compared with each other, unvegetated sites
on the constructed dune (control 1, n=3), and a pre-existing healthy reference dune (control 2,
n=6), to evaluate best practices that support optimal plant growth and the maximum sand binding
capacity required to maintain dune elevation and vegetation cover.
Planting plans were made by considering best practices of similar dune restoration
projects elsewhere along the coast. Each planted site consisted of three zones of vegetation
(Figure 2.4). In zone A, two different planting assemblages were used. In Assemblage 1 (n=6),
Uniola paniculata, Ipomoea imperati and Iva imbricata were planted on the stoss side of the
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dune (from the toe to 3.5 m up the slope) for both dune building and stabilization, while
Assemblage 2 replaced U. paniculata with Panicum amarum, another dune building grass with
similar morphology, to compare their sand accumulation abilities. Zone B began 3.5 m up the
front slope and encompassed the dune crest. U. paniculata, I. imperati and Muhlenbergia
capillaris, a burial intolerant stabilizer, were planted in zone B for dune building and
stabilization. Zone C, located on the lee side of the dune, included U. paniculata, M. capillaris,
and burial tolerant stabilizer Spartina patens. This arrangement, as well as these species, were
chosen to mimic conditions present in the reference treatment dunes adjacent to the constructed
dune and to consider the functional roles of each of these species. In addition, this combination
of dune builders, burial tolerant stabilizers, and burial intolerant stabilizers helped to accomplish
the City of Tybee’s goals of maintaining and continuing to build the newly restored dunes.
A hydrated Stockosorb® mixture was placed in the hole with each plant. This mixture
was created by hydrating 4.5 dry oz of Stockosorb® 660 medium with 4 gallons of water. This
created 5 gallons of hydrated Stockosorb® which was then mixed with 1 oz Osmocote® 14-1414 to create the Stockosorb® mixture used in planting. The amount of mixture used in planting
varied based on the size of the plant. Plugs were 2”, 4” or 1 gallon and were planted with 1.5,
2.5, and 4.5 oz of the Stockosorb® mixture, respectively.
Each site spanned 30’ (9.144 m) of dune, and the total area of each site varied according
to the width of the dune. The full sites were planted according to assemblage specifications, but
only 20’ (6.096 m) were used for data collection which allowed for a buffer zone of 5’ (1.524 m)
on each side where effects of neighboring assemblage may have been present. The remainder of
the restored dunes were planted according to the original plan developed by the City of Tybee
(i.e. Assemblage 1, approximately 3-5 plants/m2). Since the planting density of sites varied along
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a gradient of approximately 2-9 plants/ m2, it was not appropriate in all analyses to group sites
into treatments of either high or low density. However, in some cases where data were collected
in only a subset of sites, these sites are categorized into high and low density treatments. In these
instances, high density is classified as sites having approximately 5-9 plants/m2 and low density
as having approximately 2-3 plants/m2.
Three randomly selected 1m2 plots were established in each of the three zones of each of
the replicates of the planted, reference, and bare sites for a total of 297 plots (Figure 2.5).
Vegetation data were collected monthly from June-September in 2020 and monthly from AprilJuly in 2021. Sand accretion data were collected monthly from June 2020- August 2021.
I used a Trimble Geo 7x handheld GPS to mark each plot, and this is how I relocated any
plots with dowels that were hard to see in the sand and vegetation. I then used GPS Pathfinder
Office software for data post-processing. The points collected with this GPS unit were used to
make the maps for this project.
Data Collection
Data collection and monitoring included the following:
In plots in replicate sites:
As a proxy for sand-capturing ability, I measured a) vigor of individual plant growth by
counting the number of stems for grasses and branches for forbs and b) the tallest stem height per
individual for grasses and forbs (cm).
To determine change over time, I recorded c) total percent vegetation cover, d) species
richness, e) species abundance (percent cover), and f) plant survival.
To quantify sand accumulation, I measured g) change in height of exposed wooden
dowels (30.48 cm tall, 1.27 cm diameter) placed at the beginning of the study.
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To determine the influence of planting density on sand characteristics, I assessed h) soil
temperature using an Aquaterr EC-350 Digital Soil Moisture, Temperature, and Salinity Meter
(accuracy ± 2%) taken at a depth of 30 cm in May 2021 and i) sand compaction using a
Spectrum Soil Compaction Tester taken at 6 depths (7.62, 15.24, 22.86, 30.48, 38.1, and 45.72
cm) in 3 randomly selected plots in each zone in 4 treatments (reference, bare, high density, low
density) collected in August 2021.
I examined j) chlorophyll content of U. paniculata plants in 6 randomly selected plots in
each zone in the planted treatment, excluding one plot with no U. paniculata present, for a total
of 17 plots and 3 randomly selected plots in each zone in the bare and reference treatments,
excluding any plots with no Uniola paniculata present, for a total of 4 and 5 plots, respectively.
Measurements were recorded using a SPAD 502 Plus Chlorophyll Meter,
In reference dune sites, plot-level data were collected per species, not per individual
plant.
Statistical Analyses
I analyzed survivorship data in the planted sites using the following formula:
100 (#𝑎𝑙𝑖𝑣𝑒 𝐽𝑢𝑙𝑦 2021)
# 𝑝𝑙𝑎𝑛𝑡𝑒𝑑 𝑀𝑎𝑦 2020
This was calculated for both overall survival of all individuals and for each species.
To determine if the size of plants differed between June 2020 and July 2021 and by
treatment (planted or reference), I used a nested ANOVA with treatment, site nested in
treatment, date, and date x treatment interaction as effects. This analysis was conducted for
canopy cover, average height, and maximum height in m2 plots. Because the data for canopy
cover were not normally distributed, I square root transformed those data to normality. A
Tukey’s Honesty Significant Difference (HSD) post hoc test was used following the ANOVA. I

43

did not analyze the change in stem count for reference dunes because the method of collection
for these data changed over the course of the study, so I used a one-way ANOVA to compare
June 2020 and July 2021 stem count values within plots on the planted dune.
Within the planted sites on the constructed dune, I was interested in the relationship
between relative growth of the plants and their size when planted in June 2020. Relative change
in individual canopy cover, number of stems, and tallest leaf height by size when planted were
compared using Wilcoxon tests because these data did not meet the assumptions for normality.
Plants that were measured in June 2020 to have a canopy cover of 10% or more of a 1 x 1 m plot
were classified as large, and those with cover less than 10% were classified as small. Relative
change was calculated as ((x in July 2021 – x in June 2020) / x in June 2020) where x is the
measure of growth being analyzed. Additionally, I wanted to compare size when planted in June
2020 with the final measurements of canopy cover, stem count, and height taken in July 2021, to
see if plants classified as small had grown to be the size of those originally classified as large. I
used a Wilcoxon test here, again because of nonnormal data.
I analyzed the relationship between number of individuals planted per m2 plot and the
relative growth of plants by conducting linear regressions. For this analysis I used the average
relative change of all individuals in each plot in the planted sites on the newly constructed dune
for tallest leaf height, number of stems, and canopy cover. Each variable was analyzed
separately.
I calculated importance values (IV) for the reference and planted sites separately
using the following formula:
100 (𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑣𝑒𝑟 + 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦)
2
Where relative cover =
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100 (𝑐𝑜𝑣𝑒𝑟 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 i)
𝑐𝑜𝑣𝑒𝑟 𝑜𝑓 𝑎𝑙𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠
and relative frequency =
100 (𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑓𝑜𝑟 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 i)
𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎𝑙𝑙 𝑠𝑝𝑒𝑐𝑖𝑒𝑠
where i designated the species for which IV is being calculated (Curtis and McIntosh 1951).
Using the same formula, I calculated the importance value of U. paniculata for each site and
used those values to compare the reference and planted treatments with a nested ANOVA, where
treatment and site nested within treatment were factors. I also calculated species richness (S) for
planted and reference treatments where S = number of species present in all sites of each
treatment.
I wanted to explore the relationship between survivorship of the planted sites and
cumulative sand accretion. To do this I used a linear regression to test if proportion of planted
individuals that survived in each plot predicted cumulative accretion over 14 months.
To determine if treatment (planted, bare, reference) had an effect on cumulative sand
movement, I used a nested ANOVA with treatment, site nested in treatment, zone, and zone x
treatment interaction as effects. Because the data were not normally distributed, I square root
transformed the data to normality. A Tukey’s Honesty Significant Difference (HSD) post hoc
test was used following the ANOVA.
I determined if assemblage had an effect on sand movement in zone A by using a nested
ANOVA with assemblage (1, 2), site nested within assemblage, zone, and zone x assemblage
interaction as effects. Outliers (n=1) were removed from analyses. I used a Kruskal-Wallis H test
to compare the number of plants/plot in zone A of each Assemblage. This analysis exclusively
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included zone A because that was the only zone that differed in plant community composition
between Assemblages 1 and 2.
I wanted to explore possible predictors of cumulative sand accumulation on the planted
sites of the constructed dune. To do this I used a stepwise linear regression- all possible models
estimation to identify possible predictors of cumulative accretion out of the following candidate
variables: plants/m2, canopy cover/m2, tallest height/m2, average of the tallest heights of all
plants/m2, and total number of stems/m2. The final model was chosen based on minimum
corrected Akaike Information Criterion (AICc) values. This model only included one variable, so
I used a linear regression to test if that variable significantly predicted cumulative accretion.
To determine if treatment had an effect on soil compaction, I used a nested ANOVA with
density (high, low), depth, plot nested within depth, and depth x density as factors. I chose this
model because depth was a repeated measure in each plot. I analyzed the difference between
densities on the planted dune, bare, and reference sites.
To compare soil temperature among the bare, reference and planted treatments, I
conducted an ANOVA with treatment as a factor.
I compared chlorophyll content of U. paniculata plants among the bare, reference and
planted treatments by conducting an ANOVA with treatment as a factor, followed by a Tukey’s
HSD post hoc test.
I used JMP Pro, Version 14. SAS Institute Inc., Cary, NC 2020 for all statistical analyses.
All raw data are hosted in Digital Commons@Georgia Southern.
Results
Survivorship and Growth
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Over the 14 months of the study, the planted vegetation on the newly constructed dunes
experienced high survivorship and growth.
Total plant survival after 14 months was 96.9% within measured plots along the planted
dune (Table 2.1). Two species showed 100% survival (Muhlenbergia capillaris and Spartina
patens), and the lowest survival was shown by Ipomoea imperati (81.8%).
On a per 1m2 plot basis, newly installed plants on the constructed dune more than
doubled in average cover, increased in average stem count by about 10 stems, nearly doubled in
average of tallest leaf height, and doubled in maximum height in the plot (including
inflorescences) over the 14 month study (Table 2.2, 2.3, Figure 2.6, Tukey’s HSD p < 0.05). This
is in comparison with plants on a per 1m2 plot basis in the reference dunes which had similar
average cover, average of tallest leaf heights, and tallest maximum heights per plot (including
inflorescences) in June 2020 and July 2021 (Table 2.2, 2.3, Figure 2.6, Tukey’s HSD p < 0.05).
Change in stem count was not calculated for reference dunes as the method of collection for
these data changed over the course of the study. Overall, canopy cover at the start of the study
was lower in the constructed dunes than the reference dunes, but after 14 months, canopy cover
was approximately the same between these treatments (Table 2.2, 2.3, Figure 2.6, Tukey’s HSD
p < 0.05). A similar trend was seen for average of tallest leaf heights, but maximum height per
plot was still greater for the reference dunes at the end of the study because this measurement
includes inflorescences which is still more common in the reference dunes even after two
growing seasons for the newly planted dune (Table 2.2, 2.3, Figure 2.6, Tukey’s HSD p < 0.05).
See Tables 2.4-2.7 for the average June 2020 and July 2021 cover, stem count, and height
per species per treatment. Every planted species either grew or remained the same in each
measurement of growth category. In particular, all species planted on the constructed dune nearly
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doubled in height over the course of the study, except for S. patens which had less of a height
increase but experienced the greatest increase in stem count among all species. Panicum amarum
increased the most in canopy cover, and while this species on average had the lowest percent
cover at the start of the study, it had similar average cover to M. capillaris and U. paniculata at
the completion of the study.
When examining the relationship between the size of individual plants (large or small, all
species except I. imperati) when planted on the constructed dune in June 2020 and relative
change in growth from June 2020 to July 2021, I found that small plants (<10% cover in a m2
plot) had a greater relative change in canopy cover (Z = -10.7461, p < 0.0001) and in tallest leaf
height (Z = -7.5057, p < 0.0001), and large (> 10% cover) plants had a greater relative change in
number of stems (Z = 2.5439, p = 0.0110, Figure 2.7). However, when comparing data collected
at the end of the study in July 2021 only, plants originally classified as large still had greater
canopy cover (Z = 8.0298, p < 0.0001), height (Z =7.1281, p < 0.0001), and number of stems (Z
= 6.0377, p < 0.0001) than those originally classified as small (Figure 2.8).
Density of planting in each m2 plot explained relative change in canopy cover (R2 =
0.095, F1, 211= 22.0066, p < 0.0001), height (R2 = 0.062, F1, 211= 13.7739, p = 0.003), and stem
count (R2 = 0.063, F1, 210= 14.0445, p = 0.002) of plants on the newly constructed dune (Figure
2.9). Measurements of relative growth all decreased with increasing density of planting.
Plant community measurements
Importance values for the reference dune and planted dunes (Table 2.8) show that Uniola
paniculata was the most important species in both dune areas, followed by I. imperati in the
reference dunes and Panicum amarum and I. imperati in the planted dune. There was no
difference in the importance value of U. paniculata between the reference and the planted dunes
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(ANOVA F1, 31 = 2.6971, p = 0.1106). Species richness was similar between the reference (S =
10) and planted (S = 9) treatments. (Table 2.8). Uniola paniculata and I. imperati were the only
species present in the reference dunes that were chosen for planting on the constructed dune;
however, H subaxillaris, C. canadensis, and E. polygonifolia, which are present on the reference
dunes, were recorded as colonizers on the constructed dunes.
Cumulative accretion
Proportion of plants that survived in each plot in the planted sites on the constructed dune
did not predict the cumulative accretion of sand in those plots (R2 = 0.002, F1, 213= 0.3795, p =
0.5385).
From June 2020 to August 2021, sand accretion among reference, planted, and bare sites
differed (ANOVA F2,228= 15.2170, p < 0.0001, Figure 2.10) as did accretion among zones
(ANOVA F2,228= 6.8584, p = 0.0013, Figure 2.11). The amount of cumulative sand accretion was
greater in the reference dunes (7.96 + 1.2 cm) compared to the planted dunes (5.23 + 0.31cm),
but these both had much greater accretion levels than the bare dunes which experienced almost
no accretion during the study (0.90 + 0.54 cm, Tukey’s HSD p < 0.05). Among all treatments,
zone A (7.78 + 0.65 cm) experienced nearly twice as much accretion as zones B and C, which
did not differ in total accretion (4.11 + 0.35 cm, Tukey’s HSD p < 0.05).
Cumulative accretion from June 2020 to August 2021 did not vary by assemblage
(ANOVA F1,187 = 3.2633, p = 0.0845), but it did vary by zone (ANOVA F2,187 = 36.6666, p <
0.0001) and the interaction of zone and assemblage (ANOVA F2,187 = 3.5449, p = 0.0308).
Within zone A, assemblage 1 had more accretion over the course of the study than assemblage 2,
but these both had more accretion than zones B and C in either assemblage (Tukey’s HSD p <
0.05, Figure 2.12). It is important to note thought that the number of plants in each m2 plot in
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zone A differed between Assemblage 1 and 2 (Kruskal-Wallis H1 = 7.1256, p = 0.0076). Zone A
of Assemblage 1 had approximately 5 plants/ plot compared to zone A of Assemblage 2 with
approximately 3 plants/plot.
Predicting Accretion
Starting with the five vegetation measurements (plants/m2, canopy cover/m2, tallest
height/m2, average of the tallest heights of all plants/m2, and total number of stems/m2) that
might be good predictors of cumulative accretion in the planted sites of the constructed dune, a
stepwise linear regression model- all possible models estimate was able to reduce them to one
predictor based on lowest AICc value, number of plants/m2 (AICc = 1240.99, R2 = 0.02, Table
2.9). Linear regression results showed the ability of number of plants/m2 to predict cumulative
accretion (R2 = 0.03, F1,213 = 5.5284, p = 0.0196, Figure 2.13). The equation of linear fit is as
follows: Cumulative Accretion (cm) = 3.5563877 + 0.2934712*plants/m2.
Abiotic factors influenced by vegetation
Soil compaction differed among treatments (ANOVA F3,77 = 8.1020, p = 0.0018, Figure
2.14), depths (ANOVA F5,77 = 62.9980, p < 0.0001), and their interaction (ANOVA F15,77 =
2.1992, p = 0.0132). Low density, high density, and bare dune treatments had greater soil
compaction than the reference treatment (Tukey’s HSD p < 0.005).
The mean soil temperature at the toe of all sites in the study when measured in May 2021
at a depth of 30 cm was 29.8 + 0.08 ℃ and was not different among treatments (ANOVA F2,32 =
0.553, p = 0.5797).
Chlorophyll measurement
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The chlorophyll content of U. paniculata plants varied among treatments (ANOVA F2,2 =
5.8021, p = 0.0099). Plants located in the bare sites had higher chlorophyll content than those in
planted or reference dunes (Tukey’s HSD p < 0.005, Figure 2.15).
Discussion
Success of Vegetation Planted on Constructed Dune
The survival rates of the newly planted individuals that I measured exceeded expectations
for the restoration project. Higher rates of survival allow managers to decrease their planting
density (Bergin 2014) and lower project costs in the process. The overall survival of 96.9%
showed a successful establishment of the planted individuals, and even I. imperati, which had the
lowest survivorship (81.8%), was able to establish itself on the newly constructed dunes. Savage
and Woodhouse (1968) found that in coastal dune restoration projects where plants were placed
45 cm apart, about 5 plants/m2, the sand trapping ability of these plants began to decline when
survival was <75%. The range of planting densities in this study did include 5 plants/m2, so I can
infer that the survivorship of the plants was high enough to avoid any decline in accretion
effectiveness that would stem from low survivorship.
My results showed that the newly installed plants on the constructed dunes grew in
height, canopy cover, and density of stems over the 14 month study, and that by the end of the
study, they on average had the same canopy cover and leaf height as those on the reference dune.
The only category where the planted individuals were not the same size as those on the reference
dune was in maximum leaf height. This category measured the single tallest individual in each
plot, which included inflorescences. Though the planted individuals did increase in this category
because more flowered in the second growing season, the reference dunes still had more plants
with tall inflorescences than those on the constructed dune.
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Planted species on the constructed dune tended to fall into distinct size categories in the
stem count and height measurements. Muhlenbergia capillaris and S. patens had similar stem
counts (~15 stems per individual), as did P. amarum and U. paniculata (~8-9 stems each). This
coupling did not carry over to final height though, as M. capillaris and U. paniculata (~60 cm)
and P. amarum and S. patens (~45 cm) had similar heights. Iva imbricata was shortest on
average. These results are consistent with Hacker et al. (2019) who found that U. paniculata was
taller than P. amarum and S. patens but that S. patens had a higher stem density. Hacker et al.
(2019) also found that U. paniculata and P. amarum were associated with similar accretion rates
suggesting that stem density is more important than plant height for accretion.
The only species that were present on both the constructed dunes and the reference dunes
were U. paniculata and I. imperati. These species both decreased in average cover, and U.
paniculata also decreased in average height (heights of vines, i.e. I. imperati, were not
recorded). Though these measurements did decrease over time, the final measurements in the
reference dunes for these species were still greater than those in the constructed dune.
When closer examining the growth of plants on the constructed dune, I found that small
plants (<10% cover in a m2 plot when planted in June 2020) had a greater relative change in
cover and height but that large plants (>10% cover in a m2 plot when planted in June 2020) had a
greater relative change in stem count. However, at the completion of the study, plants that were
originally classified as large were still greater in canopy cover, stem count, and height than those
classified as small. This shows that original planting size does play a role in the morphology of
plants even two growing seasons after installation.
While relative change in growth is important from a management perspective and can be
helpful when choosing species and sizes of individuals for planting, the raw measurements of
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shoot density, height, and cover are most important for dissipation of wave energy (Coops et al.
1996, Figlus 2017). The dense shoots of M. capillaris and S. patens will serve Tybee well in the
event of a storm surge that reaches the dune because their shoots will be effective at deviating
flow of water (Bouma et al. 2005, Bouma et al. 2013, Gracia et al. 2018, Bryant et al. 2019,
Maximiliano-Cordova et al. 2019). Muhlenbergia capillaris was also shown to be one of the
tallest species in the project, and it, along with U. paniculata, will provide sand accumulation
that will continue to build the sand dunes (Martinez et al. 2016, Silva et al. 2016, Feagin et al.
2019).
The relative change in canopy cover, leaf height, and number of stems of plants on the
constructed dune were negatively related to the density of planting, i.e., the number of plants/m2.
These measurements of growth all decreased with increasing planting density. The decrease in
relative growth is most prevalent when there is more than 3-5 plants/m2.
Vegetation Community of Pre-existing and Constructed Dunes
Uniola paniculata was unsurprisingly the most important plant species in both the
reference and constructed dunes as multiple studies have confirmed its importance in coastal
sand dune systems in the Southeast USA (Woodhouse et al. 1977, Ehrenfeld 1990, Lonard et al.
2011). I did not find a difference in the importance value of U. paniculata between reference and
planted treatments, and even though only two species that were present in the reference dunes
were chosen for planting on the new dunes, I observed Heterotheca subaxillaris, Conyza
canadensis, and Euphorbia polygonifolia in constructed dune sites. These species are present on
the reference dune and have naturally colonized the constructed dune. Additionally, although I
did not record them in my study plots, I did observe Oenothera humifusa and Sporobolus
virginicus, two constituent species of the reference dunes, on the constructed dune where they
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were not intentionally planted. This is due in part to facilitation by the species that were planted,
particularly U. paniculata which has been shown to be an effective facilitator of colonization in
restoration settings (Rogers and Nash 2003, Bessette 2018). By the end of this study, the
constructed dune had a similar species richness as the pre-existing dune (S = 9 and 10,
respectively), and while this shows that the constructed dunes are beginning to resemble the preexisting dunes more than when they were originally planted, species richness is not as valuable
for storm protection as the morphology of the present species (Wooton et al. 2016).
Effects of Survival, Planting Density, and Species Composition on Sand Accretion
Contrary to studies suggesting that survival of plants is related to sand accretion (Hesp
1989, Zarnetske et al. 2010), I did not find that proportion of plants that survived per plot
predicted the amount of sand accretion over the study period. This could be because the survival
rates that I recorded were too high and not varied enough to see any difference in sand accretion
(Savage and Woodhouse 1968).
Sand accretion did differ among all treatments with reference dunes experiencing the
most cumulative accretion over the study, followed by planted sites on the constructed dunes,
and finally the bare sites on the constructed dune. The reference and planted treatments
experienced at least 5 cm of accretion, but the bare treatment sites stayed nearly stable with less
than 1 cm of accretion over the entire study. These results are consistent with multiple studies
showing that vegetated dunes provide more of a reduction of erosion than bare dunes (Kobayashi
et al. 2013, Figlus 2014, Sigren et al. 2014, Silva et al. 2016, Martinez 2016, Sigren et al. 2018,
Feagin et al. 2019).
Throughout the study, I struggled to restrict pedestrian access to the bare sites. Visitors
used these sites as crossovers until I was able to install symbolic post and rope fencing in front of
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these sites in May 2021. Tourism can lead to vegetation trampling and disruption in sand
accretion on a dune, so the low accretion that I recorded on bare sites may have been partially
influenced by pedestrian access (Hesp et al. 2010, Perez-Maqueo et al. 2017). Post and rope
fencing has been suggested to restrict pedestrians, and I saw fewer signs of trampling in the
dunes once fencing was installed in front of these sites (Rogers and Nash 2003, Charbonneau et
al. 2016, Wooton et al. 2016).
Among zones in all treatments, zone A experienced nearly double the accretion as zones
B and C which had similar accretion. Sand fencing that was installed just seaward of the dune toe
on the constructed dune in June 2020 likely influenced this finding as dowels in zone A were
occasionally completely covered by sand that had accumulated around this fencing. Sand fencing
along this project area is associated with the most accretion of any area in the project and
accreted 20-60 cm of sand from installation in June 2020 to March 2020 (Venherm et al. 2021).
When I designed this study, I wanted to determine if U. paniculata and P. amarum
accreted different amounts of sand. These are both dune builders that are often early colonizers
of dunes in the Southeast USA and are well adapted for outplanting, but U. paniculata can
outcompete P. amarum when grown in a mixture (Dahl 1975, Snyder and Boss 2002, Bessette et
al. 2018). If their competition discourages a planting mixture in restoration projects, it is
important to understand their sand accumulation abilities in order to choose which species to
plant. I created two planting assemblages in zone A, assemblage 1 contained U. paniculata, I.
imbricata, and I. imperati and assemblage 2 substituted U. paniculata with P. amarum. Zones B
and C of these assemblages did not differ in plant community, and I found that the amounts of
accretion in zones B and C did not differ between assemblages. However, assemblage 1 had
more cumulative sand accretion in zone A than assemblage 2, suggesting that U. paniculata
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accreted more sand in this zone than P. amarum over the course of the study. However, zone A
of assemblage 1 on average had about 5 plants/m2 while zone A of assemblage 2 had about 3
plants/m2 which could have influenced the accretion results, especially when considering that
these species have previously been shown to have similar accretion rates (Hacker et al. 2019).
Predictor of Sand Accretion
This caveat is important as the number of plants/m2 was the only variable present in the
model chosen to best predict sand accumulation on the newly constructed and planted dunes.
This variable was a better choice than the other predictors that I input into possible models
including average of tallest heights, maximum height, stem count, and canopy cover. When I ran
a linear regression with plants/m2 and cumulative accretion, I found that there was a positive
relationship between these variables. This is consistent with findings from other studies and has
important implications for management (Hesp 1989, Zarnetske et al. 2010). Though a linear
regression was the most applicable model for my data, it does appear that the amount of
accretion peaks at 5 plants/m2, which is the same density where plant growth decreases most
noticeably.
Abiotic Factors and Chlorophyll Content
I examined sand compaction in reference, high density, low density, and bare treatments
because sand is typically less compacted in denser planting areas (Franks and Peterson 2003).
Sand compaction was similar between the treatments on the constructed dune but was lower in
the reference treatment. Plants can more easily grow in response to burial when sand is less
compact (Franks and Peterson 2003), so the plants on the constructed dune may be at a
disadvantage because of the higher sand compaction. It is possible that this difference in
compaction is due to a higher density of plants on the reference dunes, though it is difficult to
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compare density of individual plants between reference dunes sites and those on the constructed
dune because of a difference in morphology of the naturally reproducing plants on the reference
dune and those that were propagated by seed in a nursery on the constructed dune. Another
possibility is that sand was less compact in the reference dune sites because there was more
accretion here, i.e., more loose sand present. Finally, a grain analysis of the sand on the reference
and constructed dunes would be useful to determine if the sand used in construction was more
likely to be compact.
Soil temperatures at a depth of 30 cm along the dune toe in May of 2021 did not differ
between the planted, bare, and reference treatments. I chose to record sand temperatures at this
depth and location because of C. caretta nesting preferences, but it would be interesting to take
these measurements in other zones of the dune and at different times of year to explore any
differences that I may have missed with my limited measurements. While these data should not
be used to predict incubation temperature of C. caretta eggs, which would by extension be used
for predictions of sex ratios, understanding temperature changes between pre-existing and
constructed dunes is useful for management (Moreale et al. 1982, Mrosovsky 1988, Mrosovky
and Provancha 1992, Hays and Speakman 1993). More data should be collected to better
understand potential differences, but my results suggest that there is no difference in temperature
among bare, reference and planted dunes.
I found that the U. paniculata plants that had colonized the bare sites had a higher
chlorophyll content than those in the planted or reference sites. While there were too few plants
growing in the bare sites to do a full analysis on their size versus those in the planted or reference
sites, personal observations showed that the U. paniculata individuals in the bare sites were
larger than any in the planted sites, and possibly larger than any even in the reference sites. One

57

U. paniculata plant in the bare treatment filled an entire 1 m2 plot, which I did not see in the rest
of the study. This growth is likely due to the availability of space in the bare sites and lack of
competition with other individuals and would likely result in higher leaf chlorophyll. There are
studies that suggest that chlorophyll content may be linked to burial by sand, though the studies
show conflicting relationships between chlorophyll content and burial (Disraeli 1984, Yuan
1991, Oba 1994, Zhang 1996). Plants could undergo compensatory growth after burial resulting
in an increased chlorophyll content (Disraeli 1984, Zhang 1996), or plants could overcompensate
and have a lower chlorophyll content following burial (Yuan 1991, Oba 1994, Zhang 1996).
These discrepancies could stem from depth of burial, environmental factors, and age of plant or
leaf being measured (Yuan 1991, Zhang 1996).
Implications for Management
As managers work to adapt to and mitigate effects of climate change and sea level rise
along coasts, they will be tasked to make decisions on restoration methods. Millions of coastal
homes will be at risk of inundation due to sea level rise at the end of the century, and property
losses will be severe (Hauer et al. 2016). Managers can choose to take a traditional route using
hard engineering structures, but this method can have negative ecological and recreational
consequences (The H. John Heinz III Center 2000, Feagin et al. 2020). It is often a more
economical and popular option to use nature-based solutions to combat coastal erosion (Landry
et al. 2003, Hoagland et al. 2012, Charbonneau et al. 2019).
When choosing to construct and plant dunes as a nature-based alternative to hard
engineering, managers must still consider the goals of the project. Tybee’s goals were to
construct a stable dune that would withstand hurricanes and to include plants that would continue
to accumulate sand and stabilize sediment. Previous studies have suggested spacing plants 30-90
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cm apart, with an ideal spacing of 45 cm apart to trap the maximum amount of sand (Savage and
Woodhouse 1968, Rogers and Nash 2003, Williams 2007). Bergin (2014) found that it was more
cost-effective, while still ecologically sound, to plant species 60-90 cm apart, depending on
survival, but this could delay the benefits of sand accumulation (Savage and Woodhouse 1968). I
found that while cumulative accretion increases with density of plants, relative growth decreases
with higher density. Additionally, in analyses of both accretion and growth, I found that 5
plants/m2, which equates to spacing of about 45 cm, was where there was less of a change in
accretion increase and growth decrease. This density was near the higher end of what Tybee had
originally planned to install, and it is recommended that dunes are not planted too densely as that
could create long term erosion and steep dune profile (Maximiliano-Cordova et al. 2019). In the
future, Tybee could space seaward plantings more, up to 90 cm apart, since the survival of plants
was high and lower density seaward plantings allows for sand to continue traveling to the
landward zones of the dune system (Bergin 2014, Miller et al. 2018).
The determination of what makes a project a success is subjective and must be centered
on the goals of the project. Managers may be most concerned with aesthetics, modifying dune
morphology, altering flooding resulting from storms, or recovery post-storm (Feagin et al. 2015).
Managers must also consider whether it is possible to return to a baseline ecosystem or if they
must adapt to a new reality of coastal development combating with rising seas and stronger
storms (SER 2004, Williams 2007, McDonald et al. 2016, Drius et al. 2019). The results of this
project provide Tybee Island with guidance when considering future dune restoration projects
and for the potential maintenance of the current project. These results are transferable to other
barrier islands experiencing similar threats and offer a framework for future studies of coastal
sand dune construction and planting projects.
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Table 2.1. Survival of each planted species on the newly constructed dune measured in m2 plots
(n=216) 14 months after planting.

Species

Survival (%)

Individuals
Planted

Ipomoea imperati

81.8

66

Iva imbricata

88.9

9

Muhlenbergia capillaris

100

9

Panicum amarum

95.5

88

Spartina patens

100

31

Uniola paniculata

98.5

712

Overall

96.9

948
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Table 2.2. Means + standard error for four measures of growth for two treatments (reference and
planted) at the start (June 2020) and end of the study (July 2021).
Reference

Planted

June 2020

July 2021

June 2020

July 2021

Percent
Cover/m2

41.2 + 3.5%

31.4 + 1.4%

11.6 + 2.2%

28.1 + 2.3%

Average of
Tallest Leaf
Heights/m2

70.3 + 11.7 cm

56.1 + 4.7 cm

37.5 + 1.4 cm

60.3 + 1.7 cm

Maximum
Height/m2

109.9 + 7.9 cm

111.2 + 15.2 cm

54.9 + 3.1 cm

109.92 + 7.9 cm

Number of
Stems/ m2

NA

NA

21.9 + 2.7

33.3 + 2.9
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Table 2.3. Results from 2-way ANOVAs of month and treatment effects on percent cover,
average height, maximum height, and number of stems. Bold p-values are significant.
Variable
Percent Cover/m2

Average of
Tallest Leaf
Heights/m2

Maximum
Height/m2

Source
Month
Treatment
Month x
Treatment

df
1, 28
1, 28

F
15.9038
12.4933

p-value
0.0004
0.0014

1, 28

72.3044

<0.0001

Month
Treatment
Month x
Treatment

1, 28
1, 28

2.0121
11.1741

0.1671
0.0024

1, 28

37.9351

<0.0001

Month
Treatment
Month x
Treatment

1, 28
1, 28

23.2896
53.7607

<0.0001
<0.0001

1, 28

18.9283

0.0002

1, 47

9.6218

0.0033

Number of Stems/
m2
Month
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Table 2.4. Mean of cover (%) and standard error of a 1m2 plot for each planted species on the
newly constructed dune when planted in June 2020 and 14 months later in July 2021 at the end
of the study and for those species that were also present on the pre-existing reference dune
during the same time frame.
Species
June 2020

SE

Ipomoea imperati
Iva imbricata
Muhlenbergia capillaris
Panicum amarum
Spartina patens
Uniola paniculata

2.2
6.8
4.2
1.6
3.4
3.1

0.6
1.4
0.7
0.2
0.5
0.1

Ipomoea imperati
Uniola paniculata

9.8
40.0

1.8
4.0

N
Planted
24
9
11
79
25
700
Reference
25
44

July 2021

SE

N

3.3
8.1
7.2
6.7
5.4
7.3

0.3
0.9
0.9
0.5
0.4
0.2

46
8
9
83
31
696

6.5
27.7

0.8
2.2

27
47

Table 2.5. Mean stem count and standard error for planted species on the newly constructed dune
when planted in June 2020 and 14 months later in July 2021 at the end of the study.
Species
Muhlenbergia capillaris
Panicum amarum
Spartina patens
Uniola paniculata

June 2020
13.7
5.6
11.2
5.5

SE
3.3
0.5
1.2
0.1

N
11
79
25
700

July 2021
14.4
9.9
16.7
8.1

SE
2.8
0.8
1.7
0.2

N
9
83
31
696

Table 2.6. Mean tallest leaf height (cm) and standard error for planted species on the newly
constructed dune when planted in June 2020 and 14 months later in July 2021.
Species
Iva imbricata
Muhlenbergia
capillaris
Panicum amarum
Spartina patens
Uniola paniculata

June 2020
15.7
37.6

SE
2.6
3.0

N
9
11

July 2021
34.4
61.7

SE
3.4
3.9

N
8
9

20.8
44.6
41.7

1.2
1.5
0.8

79
25
700

46.2
45.0
60.2

2.0
2.0
0.8

83
31
696

Table 2.7. Mean of maximum height (cm), including inflorescences, and standard error for
Uniola paniculata in pre-existing reference dunes in June 2020 and 14 months later in July 2021.
Species
Uniola paniculata

June 2020 SE
140.0
11.6

N
44

July 2021
123.4

SE
7.8

N
48
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Table 2.8. Species richness and importance values of each species present on the planted and
reference dune. Values calculated based on data collected in July 2021. The 5 highest importance
values of the reference dunes are indicated in bold font.
Species
Uniola paniculata
Panicum amarum
Ipomoea imperati
Spartina patens
Iva imbricata
Muhlenbergia capillaris
Heterotheca subaxillaris
Conyza canadensis
Euphorbia polygonifolia
Oenothera humifusa
Hydrocotyle bonariensis
Strophostyles helvola
Sporobolus virginicus
Croton punctatus
Species richness (S)

IV Planted dune
69.3
10.2
9.5
5.9
1.9
1.6
0.8
0.5
0.3

9

IV Reference dune
57.2
15.7

6.5
5.4
0.4
5.3
4.2
2.9
1.9
0.4
10
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Table 2.9. Top 5 models based on Akaike Information Criterion (AICc) for cumulative accretion
(cm) over 14 months on a newly constructed dune from density of plants/m2, average of tallest
heights/m2, maximum height/ m2, percent cover/ m2, and number of stems/ m2 from Stepwise
Multiple Regression. Bold font indicates best fit model chosen by AICc value.
Model
Plants/m2
Plants/m2, Average of Tallest
Heights/m2
Plants/m2, Maximum Height/m2
Plants/m2, Percent Cover/m2
Plants/m2, Number of Stems/m2

Number
of Terms
1
2

RSquare

RMSE

AICc

BIC

0.0327
0.0335

3.1261 1022.49 1032.25
3.1328 1024.40 1037.37

2
2
2

0.0329
0.0328
0.0328

3.1338 1024.53 1037.50
3.1340 1024.56 1037.53
3.1341 1024.57 1037.53
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Figure 2.1. USGS Coastal Vulnerability Index for Georgia, USA (left) and Tybee Island, GA
(right) that shows the relative vulnerability of the US coastline based on geomorphology,
regional coastal slope, tide range, wave height, relative sea-level rise and shoreline erosion and
accretion rates. This index gives an overview of where sea level rise will lead to physical change
(USGS Coastal Change Hazards Portal). White box indicates Tybee Island.
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Figure 2.2. Clockwise from top left: map of the Southeast United States with area of study
indicated; area of study on Tybee Island, GA; and site locations and treatments used to measure
the growth of planted dune vegetation and sand accumulation.
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Figure 2.3. Plot of monthly mean sea level without regular season fluctuations measured at Fort
Pulaski, Georgia from 1935-2020. The relative sea level trend is an increase of 3.39 mm/year
with a 95% confidence interval of +/- 0.27 mm/year (NOAA Tides & Currents 2021).
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Figure 2.4. The species of dune vegetation that were planted in each zone for Assemblage 1 and
2. Only zone A differed between Assemblages. Also shown is the planting design for each site.
Each site was equal in width with three planting zones along the dune profile.
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Figure 2.5. An image of one site in the project area. Each site had 3 zones with 3 m2 plots in each
zone.

70

a.

b.
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c.

Figure 2.6 a-c. Mean of canopy cover (a), average of tallest height (b), and maximum height (c)
for 1m2 plots along a newly constructed and planted dune and a pre-existing reference dune over
14 months. Values on x axis correspond with months, where 1 is June 2020 and 14 is July 2021.
Measurements were not collected outside of the growing season (months 5-10).
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a.

b.

*

*

c.

*
Figure 2.7 a-c. Comparison of relative change in a) canopy cover, b) leaf height, and c) number
of stems from June 2020 to July 2021 for plants that were large (>10% canopy cover in a m2
plot) or small (<10% cover) when planted in June 2020 on a newly constructed dune. Asterisk
represents p < 0.05. Lower and upper box boundaries 25th and 75th percentiles, respectively, line
inside box median, lower and upper error lines 10th and 90th percentiles, respectively.
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a.

c.

*

b.

*

*

Figure 2.8 a-c. Mean + standard error of a) canopy cover, b) leaf height, and c) number of stems
in July 2021 for plants that were large (>10% canopy cover in a m2 plot) or small (<10% cover)
when planted in June 2020 on a newly constructed dune. Asterisk represents p < 0.05.
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b.

a.
y = 6.8922193 - 0.5937115x

y = 1.2074111 - 0.1034866x

c.
y = 1.8501778 - 0.1754625x

Figure 2.9 a-c. Relationship between number of plants/m2 and relative change in a) canopy cover
(R2 = 0.095, p < 0.0001), b) height (R2 = 0.062, p = 0.003), and c) stem count (R2 = 0.063, p =
0.002) from June 2020 to July 2021 for plants along the newly constructed dune.
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A

B

C

Figure 2.10. Comparisons of cumulative accretion of the three treatments measured in cm over
14 months. Boxes that do not share letters are significantly different (Tukey’s HSD p <
0.05). Lower and upper box boundaries 25th and 75th percentiles, respectively, line inside box
median, lower and upper error lines 10th and 90th percentiles, respectively, points represent data
falling outside 10th and 90th percentiles.
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A

B

B

Figure 2.11. Comparisons of cumulative accretion measured in cm over 14 months of the three
designated dune zones (described in Figure 2.4) for sites in the reference and planted treatments.
Boxes that do not share letters are significantly different (Tukey’s HSD p < 0.05). Lower and
upper box boundaries 25th and 75th percentiles, respectively, line inside box median, lower and
upper error lines 10th and 90th percentiles, respectively, points represent data falling outside
10th and 90th percentiles.
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A

B

C

C

C

C

Figure 2.12. Comparison of cumulative accretion measured in cm over 14 months between
assemblages within zones (zones and assemblages described in Figure 2.4). Boxes that do not
share letters are significantly different (Tukey’s HSD p < 0.05). Lower and upper box
boundaries 25th and 75th percentiles, respectively, line inside box median, lower and upper error
lines 10th and 90th percentiles, respectively, points represent data falling outside 10th and 90th
percentiles.
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y = 3.5563788 + 0.2934712x

Figure 2.13. Relationship between number of plants/m2 and mean cumulative accretion measured
in cm for planted sites on the newly constructed dune over 14 months (R2 = 0.03, p = 0.0196).
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*

Figure 2.14. Relationship between sand compaction (kPa), 6 soil depths, and 4 treatments
(Model R2 = 0.86, p < 0.0001). Asterisk denotes significantly different treatment.
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B

B

A

Treatment

Figure 2.15. Comparisons of chlorophyll content of Uniola paniculata measured in SPAD units
in July 2021 for three treatments. Boxes that do not share letters are significantly different
(Tukey’s HSD p < 0.05). Lower and upper box boundaries 25th and 75th percentiles,
respectively, line inside box median, lower and upper error lines 10th and 90th percentiles,
respectively.
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